in an angle centrifuge, washed once, and taken up in water or in the buffer solution to be used. Cell quantity was determined as routine in terms of packed cell volume obtained by centrifuging the cells out of the Warburg No. 9 buffer in capillary tubes for 1 hour at 2400 g in an International centrifuge. For cells grown under each set of growth conditions the relation between cell volume and dry weight was determined upon several different samples by washing twice in water, transferring to tared crucibles in a minimum quantity of water, and drying to constant weight at 103°C.
Photosynthesis was measured manometrically as rate of oxygen evolution in the Warburg No. 9 carbonate-bicarbonate buffer with a Na:K ratio of 1:1. It has been shown previously that this suspending fluid is equal to or better than any of the other common buffer systems used for manometric studies of photosynthesis. Cell quantities used were in the range of 0.03 to 0.4 rag. dry weight per vessel. The rectangular vessels had a cross-sectional area of about 12.5 cm3 From the absorption curves presented below it may be calculated that the fractional light absorption by the cell suspension was never more than 5 per cent and usually less than 3 per cent, even for strongly absorbed spectral regions. The light source was a bank of 17 closely spaced 60 and 100 watt lamps operated at 120 4-1 volts and located underneath the glass bottom of the bath. The total incident intensity could be varied by the use of screens inserted above the light bank. Rates in six vessels were measured simultaneously. Intensities upon the individual vessels were varied further by the use of Jena NG series neutral filters attached to the bottoms of the vessels by holders which also masked out stray light. Transmissions of the filters, which are not entirely constant over the visible region, were estimated from spectral transmission curves over the 350 to 700 m/z region which includes 75 per cent of the visible energy. The incident intensity upon the six filter-vessel combinations was measured before and after each experiment by a calibrated barrier-type photocell enclosed in an Erlenmeyer flask and immersed in the bath. By a slide and carriage arrangement the photocell could be moved to the mean position of each vessel.
Pigment characteristics were examined in acetone and aqueous extracts. Two aliquots of the original harvested suspension were centrifuged and the cells washed once in water. The cells of one aliquot were suspended in 80 per cent acetone for 5 minutes and centrifuged; a second treatment gave quantitative removal of chlorophylls and carotenoids. The cells of the second aliquot were resuspended in water and broken by 30 minutes in a Raytheon 10 kc. generator; centrifugation at 3300 or 7200 g for 15 minutes in an angle centrifuge yielded a clear supernatant (pH 6.8-7 .0) and a sediment of a few whole cells and cell debris amounting to less than 2 per cent of the original cell volume. Both extracts were made up to measured volumes and their absorption curves determined on a Beckman Model DU spectrophotometer.
The five types of cells used are described in Table I . Each type of cell is given a code letter for identification throughout the following sets of data.
Pigment Characteristics
Absorption curves for the acetone extracts and aqueous extracts of sonicdisintegrated cells are presented in Figs. 1 and 2. Each curve is based upon the data of two experiments usually run on different days. In order to afford quantitative interpretation all data are calculated to optical densities for a 1.0 cm. layer containing 1.0 mg. dry weight per ml. For convenience complete curves are shown only for cells of types A and D and the other types are described only by the absorption peaks. Complete curves were obtained for all types of cells except B1 for the region 400 to 750 mg. The exploratory pigment work and first absorption curves were run on cells of type B2 using lamps at a distance of 20 cm. For technical reasons this distance was changed to 30 cm. In the later routine of investigation pigment studies on type B1 cells were limited to absorption curves of the acetone extract over the red peak. 3.4 I 1.1 4.7 1.5 7.5 2.5 4.5 1.5 17.7 9.3 * Total input watt rating of lamps used for illumination. Lamps were mounted on four vertical racks parallel to the chamber at a distance of 30 cm. (except B2).
Specific growth rate defined by the relation log10 N/No ffi kt in which t is measured in days. Light-saturated growth rates are 0.87 q-0.03 at 25 ° C. and 3.3 q-0.1 at 39°C. § Illumination differs from B1; lamps at a distance of 20 cm.
From the absorption curves concentrations of the chlorophyll, carotenoid, and phycoeyanin pigments may be estimated. Critical values from the absorption curves and pigment contents calculated therefrom are given in Table II. Chlorophyll a may be calculated from the data of MacKinney (1941) for 80 per cent aqueous acetone using the value of specific absorption coefficient a --82.04 at 663 mg. If optical densities at 663 and 645 m# are used to calculate concentrations of both chlorophylls a and b (cf. Arnon, 1949) , chlorophyll a values differ by less than 1 per cent of those calculated at 663 m# alone and chlorophyll b is always less than 4 per cent of chlorophyll a. This observation is taken as presumptive evidence of complete lack of chlorophyll b as previously inferred for another blue-green alga on similar grounds (Emerson and Lewis, 1942) .
Carotenoids are estimated with uncertainty since neither specific carotenoids Table I .
The phycocyanin peak in the aqueous extract at about 618 mg corresponds closely in position to the 615 m~ observed by Svedberg and Katsurai (1929) in Aphanizomenon, 615 mg observed by Emerson and Lewis (1942) in Ckroococcus, and 620 nag observed by Duysens (1952) in Oscillatoria.When Anacystis is extracted with acetone to remove chlorophylls and carotenoids and then dis-integrated by sonic treatment, the resulting blue aqueous extract gives an absorption curve very close to those of Duysens (1952) and Emerson and Lewis (1942) with peak at 617 m#. Extracts of this kind were not used as routine in the present study because of some difficulties in obtaining quantitative cell breakage. Phycocyanin content may be estimated from optical density of the total aqueous extract at 618 mtt but requires correction for the appreciable chlorophyll absorption at this wave length. The following procedure was adopted to estimate optical density at 618 m~t due to phycocyanin alone. From a replotting of the phycocyanin curves of Duysens (1952) and Emerson and Lewis (1942) and from our own curves of the aqueous extract of acetonetreated cells the relation between phycocyanin absorptions at the two wave lengths is estimated dJDp = 0.08 4-0.02. The relation do~De must be evaluated from the acetone extracts with the assumption that it is the same in both solvents when wave length shifts due to the solvent are considered. Table II . A check upon the calculation is afforded by comparing De, the calculated red peak absorption in water, with D6~, the observed red peak absorption in acetone. The ratio De/D6,a is 0.84 4-0.05 for the five types of cells in spite of a threefold variation in chlorophyll content.
Phycocyanin content of the cells may be estimated from the specific absorption coefficient of 7.9 at its peak value cited by Svedberg and Katsurai (1929) . Unlike the absorption coefficients used for chlorophylls and carotenoids, the phycocyanin value includes the total chromoproteid. Estimates of the chromophore content are less certain (cf. Rabinowitch, 1951, p. 667 ) and therefore are not used. Comment is due on the remarkably high phycocyanin content of 24 per cent for type A cells. Since these ceils contain 9.4 per cent nitrogen by elementary analysis, the phycocyanin must make up about 40 per cent of the total cell protein.
Examination of the chlorophyll contents of the different cell types given in Table II shows a declining trend throughout the series which is considered an effect of increasing light intensity enhanced at lower temperatures (cf. Table   I ). The phenomenon of decreasing chlorophyll with increasing light intensity is similar to that observed in Chlorella (Myers, 1946 6) and to the many observations on sun ,s. shade plants. Adjustment of chlorophyll content to light intensity is of obvious ecological advantage to the organism but there is yet no biochemical explanation of the mechanism of adjustment.
The three fold range in chlorophyll content is paralleled by a fourfold range in phycocyanin content. A limited 1.4-fold variation in phycocyanin/chlorophyU ratio is disappointing; it presages no likelihood of experimental control of ratio for study of energy transfer mechanism. In another sense the relative constancy of the phycocyanin/chlorophyll ratio speaks for closely related mechanisms of synthesis of the two pigments. In contrast the carotenoid content shows rather small variation and little relationship to the other pigments Cells of type E with depressed chlorophyll and phycocyanin have a yellow-green appearance and might be mistaken for Chlorophyceae.
Question may be raised regarding the dispersal of pigments in the aqueous extract. A similar kind of preparation obtained from the blue-green alga Synechococcus cedorum was examined by Calvin and Lynch (1952) . By grinding or ultrasonic treatment and centrifuging at 2000 g for 10 minutes they obtained a "blue-green supernatant having a strong Tyndall effect and a slight fluorescence." Further centrifugation at 36,000 g for 30 minutes gave a clear blue supernatant with characteristic phycocyanin absorption and only traces of the red chlorophyll peak; the particulate sediment showed a typical chlorophyll carotenoid absorption curve without evidence of phycocyanin.
Comparison with the preparation of Calvin and Lynch (1952) is provided by the following observations. Our preparations show less light scattering as evidenced by proportionately lower absorption at 740 m#; D74o/Der~ = 0.02-0.03 compared to a value of 0.1 estimated from the curves of Calvin and Lynch. One preparation was centrifuged at 52,000 g for 30 minutes in a refrigerated spinco centrifuge. The cleanly removed superuatant showed 81 per cent of the D618 and 60 per cent of the D~n of the original preparation. The sediment was very loosely packed and was removed only with appreciable contamination with supernatant. There is no uncertainty that the chlorophyll of our preparations is more finely dispersed than in the preparation of Calvin and Lynch.
The original extract and the 52,000 g centrifuged supernatant and sediment were observed in an intense focused cone of tungsten light with the aid of Coming blue filters number 4303 -t-5030 CA < 600 m~) and red filter number 2403 CA > 620 m~). When viewed through the blue filter a Tyndall cone was observed with the original extract and sediment but not with the supernatant. When illuminated through the blue filter and viewed through the red filter a strong fluorescence was observed with the original extract and superuatant but not with the sediment. The chlorophyll concentrations in all three preparations, as indicated by the red absorption peak, had been brought to about the same value (D~n = 0.30 -4-0.03 in a 1.0 cm. cell). It has been observed also that the original extract has only very slight and uncertain photochemical activity in dye reduction or in evolution of oxygen from quinone.
Light Intensity Curves of Photosynthesis
Light intensity curves of photosynthesis of the five types of cells at 25 and at 39°C. are presented in Fig. 3 . The data are corrected for respiration according to values cited in Table I . Each curve is constructed from the combined data of two to four experiments and therefore contains any day-to-day variability in experimental material plus the errors of packed cell volume measurements as well as the errors of manometry. However, even within any one experiment the data obtained at 39°C. show greater scatter than expected of the manometric method. A search for unusual sources of error in the manometry was not successful. Table I. 19
The most interesting feature of the light intensity curves is the slope ( the origin although a slightly better fit is obtained by a straight line satisfying the experimental points only. The four points for phycocyanin content can be fitted to a straight line but not one which extrapolates to the origin. Because of small variations in chlorophyll/phycocyanin ratio and the limited precision of the method used, any special significance assigned to either pigment would be of doubtful significance. It may be inferred, however, that over the three-to fourfold range of pigment contents of the cells studied no marked variation in quantum yield is to be expected. An alternative statement of the case is that over the range of culture conditions studied there is no variation in rate of lightlimited photosynthesis which is not explainable in terms of pigment concentrations.
Estimates of the light-saturated rates of photosynthesis (Qo,-max.) at 25 and 39°C. are indicated by the numbers at the right of each curve. For the 39°C. curves of C and D cells light saturation was not reached within the intensity range shown; approximate values (still containing some uncertainty) are shown for measurements under higher intensities obtained by raising the lamp voltage to 130 volts. If Qo,-max. for cells grown at 39°C. is plotted against either chlorophyll content or the previous specific growth rate (Table I) , it is found to go through a maximum observed for type B cells. A similar phenomenon has been reported for Chlorella (Myers, 1946 b) . Evidently the lightsaturated rate of photosynthesis is controlled by factors which bear no simple relation to the development of pigments. At light limitation all the curves of Fig. 3 show the expected lack of temperature effects. At light saturation curves A, B, and C for cells grown at 39°C. show a Q10 of 1.96 4-0.13; curves D and E for cells grown at 25°C. show a Q10 of 1.69 4-0.05. The latter value contains some uncertainty in attainment of light saturation at 39°C. but there is little doubt that the Q10 is greater for cells grown at the higher of the two experimental temperatures.
DISCUSSION
The data presented lead to no remarkable or unexpected result. The linear relation between chlorophyll concentration and the initial slope of the light intensity curve was anticipated but had not been demonstrated experimentally. The small variation in chlorophyll/phycocyanin ratio, in spite of a three-to fourfold variation in either component, is significant; it relates to the problems of phycocyanln synthesis on one hand and the mechanism of phycocyaninchlorophyll energy transfer on the other. The data document further the usefulness of Anacystis nidulans as an experimental organism. The characteristics herein described recommend it for pigment, energy transfer, and quantum yield studies. 2. Cells were submitted to pigment analysis based upon acetone extracts and aqueous extracts obtained by sonic disintegration. The different cell types show a threefold range of chlorophyll content and a fourfold range of phycocyanin content with only minor changes in the chlorophyll/phycocyanin ratio. Cells of highest pigment content were estimated to contain 2.8 per cent chlorophyll a and 24 per cent phycocyanin, the latter on a total chromoproteid basis.
3. Light intensity curves of photosynthesis were obtained for each of the cell types at 25 and at 39°C. The slopes of the light-limited regions of the curves
